Neurotrophic factors derived from postsynaptic muscle cells may play important roles in the development of presynaptic neuronal functions. In 3-d-old Xenopus nerve-muscle cultures, embryonic spinal neurons that had made natural contact with co-cultured myocytes exhibited spontaneous release of larger packets of acetylcholine (ACh) quanta than those released by the isolated neurons having no contact with any myocyte. Treatment of isolated neurons with neurotrophin-3 (NT-3) for 2 d increased the average sizes of quantal ACh packets at newly formed nerve-muscle synapses, whereas treatment with antibody against NT-3 or with K252a, a specific inhibitor of tyrosine kinase receptors, decreased the quantal size at existing synapses, which suggests that NT-3 supplied by the postsynaptic muscle cell may be responsible for the development and maintenance of the quantal packets. The muscle effect seems to depend on synaptic activities mediated by postsynaptic ACh receptor channels, because chronic treatment of the culture with D-tubocurarine (D-Tc) for 2 d resulted in a marked reduction of the quantal sizes, when assayed after extensive washing of the culture with Ringer's solution. The curare treatment did not affect the postsynaptic ACh receptor sensitivity, because iontophoretically applied ACh induced current responses similar to those of control. Finally, co-treatment of the culture with NT-3 and D-Tc reversed the effect of D-Tc on the quantal size, and this reversal effect was abolished when K252a was also applied concomitantly. Our results suggest that muscle-derived NT-3 participates in the maturation of normal transmitter packets in developing neurons, and the secretion of NT-3 depends on spontaneous synaptic activity.
Neurotrophic factors derived from postsynaptic muscle cells may play important roles in the development of presynaptic neuronal functions. In 3-d-old Xenopus nerve-muscle cultures, embryonic spinal neurons that had made natural contact with co-cultured myocytes exhibited spontaneous release of larger packets of acetylcholine (ACh) quanta than those released by the isolated neurons having no contact with any myocyte. Treatment of isolated neurons with neurotrophin-3 (NT-3) for 2 d increased the average sizes of quantal ACh packets at newly formed nerve-muscle synapses, whereas treatment with antibody against NT-3 or with K252a, a specific inhibitor of tyrosine kinase receptors, decreased the quantal size at existing synapses, which suggests that NT-3 supplied by the postsynaptic muscle cell may be responsible for the development and maintenance of the quantal packets. The muscle effect seems to depend on synaptic activities mediated by postsynaptic ACh receptor channels, because chronic treatment of the culture with D-tubocurarine (D-Tc) for 2 d resulted in a marked reduction of the quantal sizes, when assayed after extensive washing of the culture with Ringer's solution. The curare treatment did not affect the postsynaptic ACh receptor sensitivity, because iontophoretically applied ACh induced current responses similar to those of control. Finally, co-treatment of the culture with NT-3 and D-Tc reversed the effect of D-Tc on the quantal size, and this reversal effect was abolished when K252a was also applied concomitantly. Our results suggest that muscle-derived NT-3 participates in the maturation of normal transmitter packets in developing neurons, and the secretion of NT-3 depends on spontaneous synaptic activity.
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Successful synaptic transmission at the neuromuscular junction depends on the precise alignment of the nerve terminals with the postsynaptic specialization of the muscle fiber. It is increasingly apparent that this precision is achieved during development and maintained in the adult through signals exchanged between motoneurons and their target muscle fibers, which serve to coordinate their spatial and temporal differentiation (Hall and Sanes, 1993; Connor and Smith, 1994) . Motoneurons communicate with muscle cells by secreting the neurotransmitter acetylcholine (ACh), as well as many other modulatory substances, including calcitonin gene-related peptide, agrin, ACh receptor-inducing activity, and ATP (Mason et al., 1984; Falls et al., 1990; Reist et al., 1992; Fu, 1995) . The effects of neuron-derived factors on postsynaptic specializations have been reviewed extensively (Hall and Sanes, 1993; Jennings and Burden, 1993) . The muscle cell, however, is not merely a passive recipient of inductive signals from the nerve terminals. Several aspects of neuronal differentiation seem to be dependent on retrograde signals from the target. In recent years, studies about synaptic modulation have focused attention on the characterization of proteins that mediate retrograde signals regulating the organization and function of nerve terminals. Neurotrophins are a potential class of factors.
The neurotrophins are a family of neurotrophic factors containing several closely related members: nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), NT-4/5, and NT-6 (Gotz et al., 1994; Heumann, 1994) . The biological effects of these neurotrophins are mediated through three known tyrosine kinase (trk) receptors encoded by genes of the trk family (Chao, 1992; Barbacid, 1995) . Although extensive studies have elucidated the powerful effects of neurotrophic factors on neuronal survival and differentiation of selected peripheral and central neurons (Korsching, 1993; Isackson, 1995) , little is known about their effects in synaptic development and function. Studies of neurotrophin expression in adult mammals have shown that peripheral target tissues of spinal neurons express NT-3 and BDNF, whereas trkA and trkC mRNAs are expressed in motoneurons, raising the possibility that NT-3 or BDNF or both may act as target-derived trophic factors for spinal neurons. NT-3 or BDNF, but not NGF, rapidly potentiates the spontaneous and evoked transmitter release and has long-term effects on the maturation of neuromuscular synapses in Xenopus cell cultures, providing evidence for the functional regulation of developing synapses by neurotrophins (Lohof et al., 1993; Wang et al., 1995) . We thus further investigated the role of muscle-derived neurotrophic factors in the synaptic regulation of embryonic motoneurons by using Xenopus nerve-muscle co-cultures.
Neuronal activity at developing synapses is crucial in synaptic maturation and competition as well as in the differentiation of postsynaptic properties (Sanes and Lawrence, 1983; Laufer and Changeux, 1989; Cramer and Mriganka, 1995) . The levels of neurotrophin messenger RNA in visual cortex, hippocampal neurons, and skeletal muscle can be regulated further by synaptic electrical activity (Zafra et al., 1991; Funakoshi et al., 1995) . Thus, a reciprocal regulation between neurotrophin expression and synaptic activity may operate to modulate synaptic efficacy. Results from the present study provide evidence that afferent activity plays a role in shaping connections in the neuromuscular synapse and suggest that endogenously released NT-3 from myocytes is involved in the maturation and /or functional maintenance of developing synapses.
MATERIALS AND METHODS
Cell culture. Xenopus nerve-muscle cultures were prepared as reported previously (Spitzer and Lamborghini, 1976; Anderson et al., 1977; Tabti and Poo, 1991) . Briefly, the neural tube and the associated myotomal tissue of 1-d-old Xenopus embryos (stage 20 -22) (Nieuwkoop and Faber, 1967) were dissected and dissociated in Ca 2ϩ -and Mg 2ϩ -free Ringer's solution supplemented with 0.15 mM EDTA. The dissociated cells were plated on clean coverslips and used for experiments after incubation in culture medium for 3 d at room temperature. The culture medium consisted of 50% (v/v) Ringer's solution (115 mM NaCl, 2 mM CaCl 2 , 2.5 mM KCl, 10 mM HEPES, pH 7.6), 49% L-15 Leibovitz medium (Sigma, St. Louis, MO), 1% fetal bovine serum (Life Technologies, Gaithersburg, MD), and antibiotics (100 U/ml penicillin and 100 g/ml streptomycin sulfate).
Drug administration. The cultures were plated, and after 24 hr of incubation (defined as day 1 culture), the culture medium was renewed and NT-3 (PeproTech) or other drugs were bath-applied to the cultures. The cultures were used for experiments after an additional 2 d of incubation (defined as day 3 culture). The drugs were removed by several washes with Ringer's solution before the cultures were used for patchclamp experiments. Rabbit anti-NT-3 polyclonal antibody (Chemicon International, Temecula, CA) acts specifically against NT-3 and does not cross-react with BDNF or NGF.
Cell manipulation experiment. Cultures were viewed with phase-contrast optics of an inverted microscope (Nikon), and cell manipulation was performed with glass microelectrodes controlled by a micromanipulator (Narishige, Tokyo, Japan). In these cultures, motoneurons either form natural synapses resulting from random encounter of muscle cells by growing neurites or stay alone (myocyte-free, "naive" neuron). Isolated spherical myocytes (myoballs) were used in the experiment of manipulated contacts (Chow and Poo, 1985; Evers et al., 1989) . Myoballs were first loosened from their attachment to the glass substratum by "rolling" the cell across the substratum surface with a heat-polished tight-seal micropipette. The loosening of the attachment allowed the myocyte to be lifted up from the substratum and then translocated to contact with the growth cone to form manipulated synapse. In some experiments, the postsynaptic myocyte of a natural synapse was mechanically destroyed by a micropipette, and the scattered debris of the myocyte was removed carefully. After 15 min, another isolated myoball was then manipulated into contact with the so-called "vacated" nerve terminals to measure ACh release. The spontaneous synaptic current (SSC) recordings were then made 3 min after contact of the manipulated cell with naive or vacated nerve terminals, and the recordings lasted until Ͼ180 events were collected. The average time length for recording of the 180-plus events is ϳ30 min. These Xenopus cultures contain a heterogeneous population of neurons, and the fraction of ACh-releasing neurons, as evidenced by the appearance of SSC (ϳ60%), is close to the previously suggested values for cholinergic neurons in this type of culture (Young and Poo, 1983; Chow and Poo, 1985) .
Electrophysiology and data analysis. Gigaohm-seal whole-cell recording methods followed those described previously (Hamill et al., 1981; Young and Poo, 1983; Evers et al., 1989) . Patch pipettes were pulled with a two-stage electrode puller (pp-83, Narishige), and the tips were polished immediately before the experiment with use of a microforge (MF-83, Narishige). SSCs were detected from the innervated myocytes of natural and manipulated synapses by whole-cell recording in the voltage-clamp mode. Recordings were made at room temperature in Ringer's solution, and the solution inside the recording pipette contained 150 mM KCl, 1 mM NaCl, 1 mM MgCl 2 , and 10 mM HEPES, pH 7.2. Evoked synaptic currents (ESCs) were elicited by stimulating presynaptic neurons at the soma with a heat-polished glass microelectrode (tip opening 1-2 M) filled with Ringer's solution. For suprathreshold stimulation of the neuron, a square current pulse of 0.3 msec in duration and 2-4 A in amplitude was applied through the pipette. Such currents generally induce twitch contraction of the muscle cell when they are applied to the soma of the innervating neuron. For the measurement of iontophoretic ACh-induced currents, conventional micropipettes were made and filled with 3 M ACh. The resistance of the ACh pipette was in the range of 100 -200 M⍀ and required 2-6 nA braking current. The membrane currents induced by identical pulses of ACh (duration 2 msec, 1 Hz) applied at the myocyte surface were used to assay ACh sensitivity. The ACh pipette was positioned properly to get maximal responses, probably resulting from ACh receptor clusters, termed hot spots, in aneural muscle cells in culture (Fischbach and Cohen, 1973) . In all recordings, the membrane currents were monitored by a patch-clamp amplifier (Axopatch 200A, filtered at 10 kHz). The currents were digitized (Neuro Dara DR 390) and stored on tape for later playback onto a storage oscilloscope or a polygraph (Gould RS3200) and also for amplitude analysis using SCAN computer program. The results were expressed as mean Ϯ SE (n). The n represents the total number of recorded synapses or myocytes. The statistical significance was evaluated by Student's t test. For comparison of SSC amplitude distribution, the composite graph of cumulative frequency of all SSC events was constructed, and only the synapse with a total number of events exceeding 180 was used for analysis (n ϭ 5 ϳ 10). The statistical difference between these graphs was tested by using the Kolmogorov-Smirnov test.
RESULTS

Comparison of quantal sizes between myocyte-contacted and myocyte-free neurons
In Xenopus nerve-muscle cultures, functional synaptic transmission can be detected within minutes after nerve-muscle contact (Kidokoro and Yeh, 1982; Xie and Poo, 1986; Evers et al., 1989) , although morphological maturation of the synapse requires many days to complete (Takahashi et al., 1987; Buchanan et al., 1989) . SSCs are readily detectable from the innervated muscle cell with the whole-cell voltage-clamp recordings. These currents have been shown to be caused by spontaneous ACh secretion from the neuron, because they are abolished by bath application of D-tubocurarine (D-Tc) and unaffected by tetrodotoxin, which blocks action potentials in neurons (Xie and Poo, 1986) . To test whether muscle contact affects the secretory properties of the presynaptic neuron, we measured the spontaneous transmitter release either at natural synapses formed in 3-d-old Xenopus nerve-muscle cultures or at synapses made by manipulating the contact of spherical myocytes with isolated (myocyte-free, "naive") neurons in the same culture. The amplitude distribution of SSCs provides a useful indication of the maturation of presynaptic ACh secretion mechanisms. At mature neuromuscular junctions, the distribution of SSC amplitude exhibits a bell-shaped profile, reflecting a well defined ACh quantal packet in the presynaptic nerve terminals. The distribution of SSC amplitude at developing neuromuscular synapses, however, is usually skewed toward small amplitudes, and a transition from a skewed to a bell-shaped distribution accompanies synaptic maturation (Kidokoro, 1984; Lu et al., 1992) . Examples of SSCs recorded at natural synapse in 1-d-and 3-d-old Xenopus cultures are shown in Figure 1 . The amplitude distribution at 3 d synapse showed a higher proportion of events with larger amplitude (Fig. 1c-e) . The mean amplitudes were 104.6 Ϯ 5.7 pA (n ϭ 23) and 155.3 Ϯ 19.1 pA (n ϭ 27) for day 1 and day 3 synapses, respectively.
The amplitude of SSCs depends on the amount of ACh contained in each secretory packet as well as the ACh receptor density in the postsynaptic membrane. To exclude the postsynaptic contribution to the size distribution of SSCs, the postsynaptic myocyte of natural synapses in day 3 cultures was removed mechanically by a micropipette, and another isolated neuron-free myocyte was manipulated to contact with the "vacated" nerve terminals. As shown in Figure 2 b (top trace), the amplitude of SSCs recorded at the manipulated myocyte made with the vacated nerve terminals was smaller than that observed at the natural synapse before myocyte removal (Fig. 1b, right) . The difference may be attributed to the clustering of ACh receptor at the postsynaptic site of natural synapse in comparison with the more scattered distribution of ACh receptors in the manipulated myoball (Kidokoro et al., 1980) . Furthermore, we found that the mean amplitude of SSC observed at the vacated nerve terminals, i.e., 75.8 Ϯ 7.4 pA (n ϭ 10), was significantly higher than that observed at the nerve terminals of naive neurons in the same 3 d cultures ( Fig. 2 b, bottom trace) , which has a mean value of 50.9 Ϯ 6.4 pA (n ϭ 9; Table 1 ). Comparison of the SSC amplitude distribution at synapses made with vacated versus naive nerve terminals (Fig.  2 c) indicates that the vacated nerve terminals more frequently exhibited spontaneous release of ACh quanta of larger sizes. The amplitude distributions for a large number of manipulated synapses were summarized by the cumulative frequency curves shown in Figure 2 d. The difference between the two curves is statistically significant ( p Ͻ 0.05; Kolmogorov-Smirnov test). Because similar isolated myocytes were used in detecting ACh secretion, these results suggest that the vacated nerve terminals are capable of secreting larger quantal packets than the naive nerve terminals that had no contact with any myocyte. Finally, in contrast to that found for the SSC amplitude, we found that there is no difference between the SSC frequencies observed at the vacated and naive nerve terminals, which were 0.11 Ϯ 0.05 Hz (n ϭ 11) and 0.09 Ϯ 0.05 Hz (n ϭ 9), respectively. The SSC frequency of natural synapse that correlated with the vacated synapse was 0.23 Ϯ 0.12 Hz. Moreover, the smaller quantal size was also observed at naive nerve terminals of a neuron that had made contact with the myocyte and released ACh at other axon branches. The SSC amplitude recorded from three manipulated synapses that formed with such naive nerve terminals was 55.1 Ϯ 0.2 pA. Thus, prolonged synaptic contact with the myocyte results in an increase in the size of ACh quantal packets of the presynaptic nerve terminals. 
Effect of NT-3 on isolated neurons
The above studies indicate that muscle contact influenced the status of quantal secretion machinery in the presynaptic nerve terminals. What is the nature of the factor involved in this retrograde interaction? NT-3, a member of the neurotrophin family, is detected in the muscle cell (Henderson et al., 1993; Koliatsos et al., 1993) . Acute application of NT-3 to developing Xenopus neuromuscular synapses greatly elevates the frequency of spontaneous ACh secretion (Lohof et al., 1993) . We thus examined the potential role of NT-3 in modulating the size of ACh quanta in these Xenopus cultures. One-day-old cultures were treated with NT-3 (2 nM), and the size and distribution of SSC amplitude were determined 2 d later at naive nerve terminals of isolated neurons by manipulation of an isolated myocyte of the same culture to contact and detect ACh secretion. As illustrated in Figure 3a , we found that the mean amplitude of SSCs was increased in NT-3-treated neurons (75.3 Ϯ 5.8 pA; n ϭ 8; Table 1 ). Amplitude distribution indicated that there were more ACh quanta of larger sizes at NT-3-treated neurons (Fig. 3b) . The increasing effect of NT-3 on SSC amplitude of naive nerve terminals was antagonized by simultaneous treatment with polyclonal antibody against NT-3 (1:200) (SSC amplitude was 54.9 Ϯ 5.6 pA; n ϭ 4). To exclude the possible direct effect of NT-3 on myocytes, the day 3 untreated myoball of a separate culture was detached and carefully translocated into the thoroughly washed NT-3-treated culture to form manipulated synapse with naive neuron to detect ACh secretion. The SSC amplitude was 85.9 Ϯ 2.6 (n ϭ 3). Thus exogenously applied NT-3 facilitated the development of a more mature pattern of quantal secretion.
Involvement of NT-3 at natural synapses
The above studies showed that NT-3 treatment of isolated neurons resulted in an increase in ACh quanta size similar to that resulting from myocyte contact. We further explored the possibility that muscle-derived NT-3 was responsible for the effect of prolonged muscle contact on the quantal size by examining the effect of exogenously supplied NT-3 and NT-3 antibodies on the quantal size of natural synapses in these Xenopus nerve-muscle cultures. NT-3 was added to the cultures on day 1, and SSCs were recorded at the natural synapses on day 3. We found that the mean SSC amplitude at NT-3-treated natural synapses (184.2 Ϯ 33.1 pA; n ϭ 22) was not significantly different from synapses in 3 d cultures not treated with NT-3 (155.3 Ϯ 19.1 pA; n ϭ 27; Table  1 ). When a polyclonal antibody against NT-3 was added to the culture instead of NT-3, however, we found that the mean SSC amplitude, 80.0 Ϯ 7.2 pA, (n ϭ 13), was significantly smaller than that found at the untreated synapses in 3 d cultures (Fig. 4a) . The mean SSC amplitude in the cultures treated with preimmune serum was 125.3 Ϯ 2.7 pA (n ϭ 3). Similarly, chronic treatment of the culture for 2 d with K252a (1 M), a trk receptor inhibitor, Figure 2 . Effect of myocyte contact on the spontaneous ACh release from nerve terminals in day 3 Xenopus cell cultures. a, Phase-contrast photograph shows that the motoneuron either may form natural synapses with myocytes (left) or stay alone (n, naive) (right). A myocyte was manipulated into contact with the nerve terminals of naive neuron (n) for the detection of ACh release. For natural synapses, the postsynaptic myocyte was mechanically destroyed and the scattered debris of the myocyte was then removed carefully by using a micropipette (long arrow), and another isolated neuron-free myocyte (m) was manipulated into contact with the "vacated" (v) nerve terminals. b, Spontaneous ACh release was recorded in either naive neuron (bottom trace) or vacated nerve terminals (top trace) by using an isolated myocyte manipulated into contact as a detector for the secretion (V H ϭ Ϫ70 mV). Insets represent superimposed traces of five continuous SSCs at higher time resolution. Note the smaller amplitude of SSCs at naive synapse compared with that at vacated synapse. Calibrations: 150 pA, 40 sec, and 150 pA, 5 msec for slow and fast traces, respectively. c, Histograms of the amplitude distribution for all SSC events observed from b. Arrows indicate the mean values. d, Cumulative frequency of amplitude distribution of all SSC events obtained from vacated (n ϭ 10) and naive (n ϭ 9) nerve terminals. resulted in a reduction of the mean SSC amplitude at synapses in 3 d cultures to 55.8 Ϯ 3.5 pA (n ϭ 11; Fig. 4a ). In contrast to their effects on SSC amplitudes, the frequency of SSCs was not affected significantly by either the antibody or the K252a treatment, whereas NT-3 treatment induced an increase in the frequency (Fig. 4b) .
The effect of chronic treatments with NT-3, NT-3 antibody, or K252a on impulse-evoked ACh release at these developing synapses was also examined in 3-d-old cultures. The presynaptic neuron was stimulated extracellularly at the soma to initiate action potentials at a frequency of 0.2 Hz, and ESCs were recorded from the innervated muscle cells in 3-d-old Xenopus cultures by the whole-cell voltage-clamp method. As shown in Figure  5 , we found that mean ESC amplitude in NT-3-treated cultures was 4.57 Ϯ 0.85 nA (n ϭ 7), which was not significantly different from that of the synapses in untreated 3 d cultures (3.97 Ϯ 0.38 nA; n ϭ 4). Two day treatments with antibody to NT-3 or K252a, however, significantly reduced the mean ESC amplitude to 2.44 Ϯ 0.47 nA (n ϭ 8) and 1.59 Ϯ 0.29 nA (n ϭ 5), respectively. These results on ESCs are consistent with the notion of an NT-3-dependent increase in the size of ACh quanta.
Effects of D-Tc on natural synapses
Synaptic activity is known to play a critical role in regulating the pattern of synaptic connections (Goodman and Shatz, 1993) . We have tested whether the retrograde effect of muscle cell on presynaptic nerve terminal secretion properties depended on postsynaptic muscle activity. The postsynaptic activity in Xenopus nerve-muscle cultures was blocked by chronic treatment with D-Tc (50 M). The drug was added to day 1 cultures when natural synapse has established, and the synaptic function was assayed on day 3, after the cultures were washed extensively with fresh Ringer's solution to remove D-Tc. As shown in Figure 6a , the SSCs recorded from natural synapses in D-Tc-treated cultures showed a much smaller mean amplitude (48.9 Ϯ 3.4 pA; n ϭ 12; Table 1 ), and the amplitude distribution became markedly skewed toward smaller amplitude, similar to that observed at newly made synapses on naive neurons (Fig. 2) . Representative amplitude histograms and a composite cumulative frequency plot are shown in Figure 6b -d. Compared with that of control synapses not exposed to D-Tc, quantal sizes were clearly shifted toward smaller amplitudes.
To test whether the reduced quantal size was attributable to a reduction of ACh receptor sensitivity in postsynaptic muscle cell as a result of D-Tc treatment, myocyte responses induced by focal iontophoretic application of identical ACh pulses on the postsynaptic myocyte surface were compared (Fig. 6a) . The average ACh-induced myocyte responses in D-Tc-treated cultures were similar to those in untreated cultures: 0.85 Ϯ 0.16 nA (n ϭ 9) and 0.94 Ϯ 0.21 nA (n ϭ 5), respectively. To further eliminate the possible postsynaptic inhibitory effect of chronic D-Tc treatment, Figure 3 . Effect of NT-3 chronic treatment on the spontaneous ACh release of naive nerve terminals in day 3 Xenopus cell cultures. a, One-day-old cultures were treated with NT-3 (2 nM), and a myoball was detached from culture substratum and moved to contact with the naive nerve terminals to build manipulated synapse at day 3. The myocyte was whole-cell voltage-clamped at Ϫ70 mV to record SSCs. Note an increase in the mean amplitude of SSCs at the synapse treated with NT-3 (bottom trace) compared with that at control (top trace). Calibration: 200 pA, 40 sec. b, c, SSC amplitude distribution of manipulated synapse at control or NT-3-treated naive nerve terminals. Arrows indicate the mean values. d, Cumulative frequency of amplitude distribution of all SSC events obtained from control (n ϭ 5) and NT-3-treated (n ϭ 8) neurons.
the following experiment was performed. After the recording of SSCs from natural synapses of control or D-Tc treatment, the postsynaptic myocyte was removed mechanically, and a myoball unexposed to D-Tc (from a separate culture) was manipulated into contact with the vacated nerve terminals to examine ACh secretion. We found that the mean SSC amplitude observed for the D-Tc-treated nerve terminals (27.6 Ϯ 1.2 pA; n ϭ 12) was significantly smaller than that observed at vacated nerve terminals in day 3 cultures not exposed to D-Tc (75.8 Ϯ 7.4 pA; n ϭ 8).
The results shown above suggest that postsynaptic activity is important in the regulation of presynaptic quantal secretion at developing motoneurons. We thus increased muscle activity by using veratridine. Concomitant treatment of day 1 cultures with veratridine (1 M) and D-Tc partially antagonized the D-Tc effect at natural synapse: the SSC amplitude was 86.4 Ϯ 8.6 pA (n ϭ 8) (D-Tc alone: 48.9 Ϯ 3.4 pA; n ϭ 12) on day 3. The antagonizing effect did not result from direct action of veratridine on neurons, because the SSC amplitude of manipulated synapse in naive neuron was still 48.2 Ϯ 4.3 pA (n ϭ 6), which was not significantly different from the control (50.9 Ϯ 6.4 pA; n ϭ 9).
Exogenous NT-3 reduces D-Tc effects
The effect of chronic treatment of D-Tc on the size of ACh quanta suggests that postsynaptic activity is required for the retrograde effect on the presynaptic nerve terminals. If the retrograde factor were NT-3, the exogenously supplied NT-3 would obliterate the D-Tc effect. A group of cultures was treated simultaneously with both D-Tc and NT-3 (2 nM); the mean SSC amplitude recorded at natural synapses in these cultures was 110.4 Ϯ 13.2 pA (n ϭ 9), which is substantially higher than that found in cultures treated with D-Tc alone (48.9 Ϯ 3.4 pA; n ϭ 12; Fig. 4) . Comparison of the SSC amplitude between NT-3 ϩ D-Tc and NT-3 alone showed that the difference was not significant ( p Ͼ 0.05). The mean amplitude of the ESCs in NT-3 and D-Tc co-treated cultures was 3.34 Ϯ 0.37 nA (n ϭ 3), which is also significantly higher than that found in cultures treated with D-Tc alone (1.31 Ϯ 0.12 nA; n ϭ 6; Fig. 5 ). Thus, exogenous NT-3 had substantially reversed the effect of D-Tc in reducing the quantal size and the evoked response. Furthermore, the effect of NT-3 was specifically mediated by trk receptor, because adding trk receptor inhibitor K252a to the cultures in the presence of NT-3 and D-Tc prevented the reversal effect introduced by NT-3 (Fig. 4) .
DISCUSSION
The main finding of this study is that muscle cell-derived factor is involved in the regulation and maintenance of the quantal size of synaptic transmission at developing motoneurons. The smaller SSC amplitude of manipulated synapse derived from myocyte-free naive neurons was predominantly a result of reduction in presynaptic ACh quantal size. A larger SSC amplitude was still obtained in myocytes that were manipulated into contact with vacated nerve terminals, excluding the possible postsynaptic effect, because the manipulated myocyte has a more even distribution of ACh receptors. These results indicate that a motoneuron contacted by a myocyte releases ACh in larger quantal size. The smaller quantal size observed at myocyte-free nerve endings of a neuron that had made contact with a myocyte at other axon branches further supports this notion.
The efficacy of synaptic transmission is susceptible to activitydependent modulation (Bear and Malenka, 1994) . In developing nervous systems, the pattern of electrical activity also exerts a critical influence on the stabilization and elimination of nerve connections (Goodman and Shatz, 1993) . Synapses can form in the presence of D-Tc, and activity blockade causes an increase in the number of synapses (Dahm and Landmesser, 1991) . Here we showed that prolonged blockade of neuromuscular transmission by D-Tc decreased the presynaptic quantal size markedly, indicating that some maturational aspects were retarded by D-Tc treatment. The reduction of SSC amplitude after chronic D-Tc treatment was not likely a result from the change of postsynaptic ACh responses or incomplete washout of D-Tc, because there was no significant change in myocyte surface ACh sensitivity, as assayed by ACh iontophoresis. It seems that the lower amplitude of SSC could be attributable to a smaller amount of ACh per quantal package in the presynaptic terminals. The smaller SSC amplitude at vacated nerve terminals that made contact with a myoball unexposed to D-Tc further supports the notion that prolonged neuromuscular blockade prevents the maturation of nerve terminals. The larger SSC amplitude distribution in natural synapses whose innervated myocytes showed spontaneous contraction is also consistent with this activity-dependent regulation of quantal secretion (data not shown). The smaller amplitude of ESC after chronic treatment with D-Tc may also result from the reduced quantal size, but the possibility of reduction of quantal content in response to evoked release of neurons cannot be excluded at this time. Veratridine effectively antagonized the SSC amplitudereductive effect of D-Tc, which further supports the notion that muscle activity is important in the regulation of quantal secretion. Consistent with this result, blockade of neuromuscular transmission by the inhibition of ACh receptor with ␣-bungarotoxin (␣-BuTx) for 6 -7 d after birth will bring about the death of motoneurons that supply the muscle (Greensmith and Vrbova, 1989) . The role of synaptic activity in the maintenance of synaptic function was demonstrated further at the adult neuromuscular junction where synaptic transmission in one part of the endplate was eliminated by selective application of ␣-BuTx (Balice-Gordon and Lichtman, 1994). Thus, the activity level at and within a synapse may directly influence the formation and maintenance of synaptic sites.
Muscle-derived retrograde factors would be likely candidates to mediate this synaptic remodeling, because muscle activity has a well documented role in controlling the transcription and expression of several muscle fiber proteins (Goldman et al., 1988; Eftimie et al., 1991) . Extensive studies of neurotrophin expression in the adult mammal have shown that peripheral target tissues of spinal neurons express NT-3 and BDNF, and the observation that BDNF and NT-3 are transported retrogradely to the ventral spinal cord raises the possibility that NT-3 or BDNF or both may act as target-derived trophic factors for spinal neurons (Distefano et al.,1992; Henderson et al., 1993) . A reciprocal regulation between neurotrophin expression and synaptic activity may operate to modulate synaptic efficacy. Our results show that chronic treatment with NT-3 modulates the quantal secretion at these developing synapses at either "naive" nerve terminals or natural synapses that were chronically treated with D-Tc. Exactly how NT-3 enhances the quantal size in myocyte-free neuron is unknown. Earlier works (Lohof et al.,1993; Berninger and Poo, 1996) showed that acutely applied NT-3 increased the SSC frequency but did not affect the size of the SSCs, suggesting that the quantal size was chronically regulated by NT-3. It has been demonstrated that NT-3 induced the choline acetyltransferase activity in the motor nerve terminals (Wong et al., 1993) . It is thus possible that more ACh molecules are synthesized in the presence of neurotrophins. Alternatively, an enhancement of transporter of the synaptic vesicle to increase the number of ACh molecules packed in each vesicle may also explain the larger quantal size after NT-3 treatment. Studies using chimeric receptor approaches, specific antibodies against the extracellular receptor domain, and gene knock-out experiments of trk receptors have shown that trk is essential and sufficient to mediate the characteristic neurotrophin functions such as survival of neurons or induction of neurite outgrowth (Lamballe et al., 1991; Klein et al., 1994; Snider, 1994) . Involvement of endogenously released NT-3 from myocyte in the retrograde presynaptic regulation comes from the antibody experiment. Chronic treatment for 2 d with polyclonal antibody specific for NT-3 attenuated the SSC amplitude of natural synapses at day 3 and clearly indicated that endogenously released NT-3 is involved in the dynamic interactions between presynaptic motoneurons and postsynaptic muscle cells. Moreover, the observation that pharmacological blockade of trk activity by chronic treatment with K252a also markedly decreased the quantal size of natural synapse in day 3 cultures further strengthens the notion that NT-3 may play an important role in the maintenance of synaptic function at developing nervous systems. Exogenous application of NT-3 to cultures on day 1 did not further increase SSC amplitude on day 3, which suggests that the endogenously released neurotrophins from myocyte may be sufficient to reach a maximal effect. Wang et al. (1995) observed that SSC amplitude of natural synapses was increased by the chronic treatment with NT-3, probably resulting from the earlier application of NT-3 at 6-hr-old cultures, when myocyte is still too young to release enough neurotrophins.
The activity of neuromuscular transmission at developing synapses is crucial in synaptic maturation and competition as well as in the differentiation of postsynaptic properties (Lo and Poo, 1991; Balice-Gordon and Lichtman, 1993; Dan and Poo, 1994; Lo and Poo, 1994) . The release of neurotrophin may also be activitydependent, as demonstrated in hippocampal neurons (Zafra et al., 1990 (Zafra et al., , 1992 . Voltage-gated Ca 2ϩ channels and the nicotinic ACh receptors provide biologically important pathways for Ca 2ϩ influx into postsynaptic muscle cells (Decker and Dani, 1990) . Elevation of cytosolic Ca 2ϩ levels in the postsynaptic cell is critical for the induction of many forms of activity-dependent synaptic modulation (Laufer and Changeux, 1989; Dan and Poo, 1992 ; Lo and 
